The relationship between the blood supply of a neurone and its capacity to function and survive remains of fundamental importance in the study of cerebral vascular disease from both the surgical and the medical standpoint. Thus it has been assumed that a matter of only a few minutes is necessary to cause complete and permanent loss of function of key neurones in the primate nervous system (Dennis and Kabat, 1939; Weinberger et al, 1940; Grenell, 1946; Boyd and Connolly, 1962) beds, or modification of the neuronal metabolism itself so that function may be resumed at a lower basal level of blood flow. The experimental findings in this paper relate attempts to elucidate the relationship between structure, function and blood supply in the nervous system. They have been stimulated by surgical rather than medical phenomena, since the occlusion of vessels during the excision of basal tumours, or the occlusion of portions of the cerebral circulation in the treatment of intracranial aneurysm, generally gives a human preparation less clouded by incidental vascular disease than occlusion in the course of the development of atherosclerosis with its attendant impairment of function of collateral vessels, and, possibly, disorder reactivity of the vascular system as a whole.
In the experimental analysis of these phenomena the experimental stroke model described elsewhere has been used (Symon et al, 1971; Symon, 1975) , in which the middle cerebral artery is occluded either by an intracranial approach along the sphenoidal wing, or by a transorbital approach after removal of the contents of the orbit and dissection through the enlarged superior orbital fissure. Temporary occlusion of the vessel in acute experiments is performed with a small spring clip such as a Scoville clip, while for permanent occlusion the artery is divided between two small 'haemo' clips. The site of occlusion used in this model is the first millimetre of the middle cerebral which, as Shellshear (1921) and Abbie (1934) have indicated, is free from perforating vessels. The intensity of ischaemia in the basal ganglia may be increased by simultaneous occlusion of the perforating vessels.
The distribution of the middle cerebral artery in the experimental primate Perfusion studies following acute experimental occlusion of the middle cerebral artery (Symon, 1961) and pathological studies of the brain inanimalswhich have survived up to three years following middle cerebral occlusion (Brierley and Symon, 1977) have shown that the average perfusion of the middle cerebral artery in the monkey is very similar to the description of Shellshear (1921) and Abbie (1934) in man. Thus Symon (1961) showed by a technique of carmine-gelatine perfusion that the intensity of perfusion after middle cerebral artery occlusion was reduced in the parietal and temporal lobes, particularly the opercular and insular areas. It was diminished in the basal ganglia and non-perfusion of areas of basal ganglia could be produced by separate occlusion ofperforating branches. Disruption of both 149 the medial and lateral striate groups of perforating branches in the primate resulted in non-perfusion in the body and caudal part of the head of the caudate nucleus and in the putamen of the lentiform nucleus. The rostral part of the head of the caudate nucleus was perfused from perforating branches of the anterior cerebral artery. In the experimental model also there was good perfusion of the medial part of the globus pallidus, the tail of the caudate nucleus, and incomplete perfusion of the amygdala from branches of the anterior choroidal artery, which, in the primate as in man, arises from the internal carotid artery separately from the middle cerebral artery.
The clinical picture of the chronic stroke model As has been extensively reported (Thompson and Smith, 1951; Harvey and Rasmussen, 1951; Sundt and Waltz, 1966; Symon et al, 1975) The basic method of determination of brain blood flow used in these experiments has been a technique of saturation and elution of hydrogen gas . This follows the basic principle of inert gas clearance and produces data from the experimental laboratory which are closely comparable to those obtained from man by techniques of inert gas clearance such as the use of Xenon 133. The advantage of the hydrogen gas technique in the experimental animal is that the determinations may be made over very small areas of brain, with electrodes of 300 Hu diameter, the area of response being within a radius of 2 mm, whereas even with the best collimation available, the inert radioactive gas sampling technique involves much larger areas. In the small . In relation to middle cerebral occlusion, the distribution and density of reduced flow following the middle cerebral occlusion has been mapped out using multiple electrodes, and the findings are shown in (fig 1 compared with the control hemisphere. It is evident that in the region of the Sylvian opercula and also in the basal ganglia, reduction of flow to some 20 per cent of normal is present. In the most anterior portions of the Sylvian opercular lips, this reduction in flow falls to values of 10 ml/100 g/min, in absolute terms, or less. There is a graduated reduction in flow which decreases in intensity as the midline and parasagittal areas are approached. Even in the immediate parasagittal zone, however, flow is affected though the reductions in our experiments did not reach significant levels. In contrast to experiments using detector techniques for arterial blood flow in the pia such as direct thermistor recording, no actual increases in tissue blood flow have been observed in relation to acute arterial occlusion. The sensitivity of the basal nuclei was comparable to that of cortex in the most densely ischaemic zone.
ASSESSMENT OF FUNCTION BY AVERAGED CORTICAL EVOKED RESPONSES
The characteristic pattern of ischaemia following middle cerebral occlusion which has been described (Branston et al, 1974 ) enabled us to assess the effect of varying degrees of ischaemia on the averaged cortical evoked response. This was produced by stimulation of the contralateral mandibular division of the fifth nerve, theevoked responses being recorded by a plate electrode on the postrolandic cortex in an area which was normally subjected to an intermediate degree of ischaemia following middle cerebral occlusion. The loss of autoregulation which follows middle cerebral occlusion enabled us to increase the density of ischaemia in this intermediate zone at will by the induction of systemic hypotension. Flow could be recorded in the immediate area of the evoked response electrode and the relationship of the cortical electrical activity to local perfusion determined. It is possible to do this since the relays immediately preceding the cortex, in the ventro-lateral nucleus of the thalamus, lie, in the baboon, in an area supplied by the choroidal vessels, outwith the distribution of the middle cerebral artery and unaffected by middle cerebral occlusion. The rapidity of changes in the electrical responses induced by appropriate degrees of ischaemia indicate their relation to grey matter function rather than to the much more slowly failing conduction in the white matter. The results of these experiments indicated a threshold relationship between regional blood flow and the somatosensory evoked response. Thus down to levels of blood flow of 20 ml/100 g/min the evoked response was fully sustained, while at levels below 12 ml/100 g/min the response substantially disappeared. In the area of 14 to 16 ml/100 g/min there was a very sharp decline in the evoked response, indicating a threshold relationship at about this level (fig 2) . Similar findings have been reported by Boysen et al (1973) The development of potassium-sensitive microelectrodes by Walker (1971) and their modification by Astrup and our own group (Astrup et al, 1977) , allowed of the determination of movements of extracellular potassium during ischaemia, and revealed interesting relationships between the degree of ischaemia and the extent of efflux of potassium into the extracellular space. Basic techniques were similar, the potassium micro-electrodes being introduced at selected points in relation to blood flow electrodes and to the evoked response electrode while the cortex was subjected to ischaemia of varying density by middle cerebral occlusion and superadded exsanguination. Potassium has been known to accummulate in the extracellular space during hypoxia (Collewjin and Schade, 1962; Meyer et al, 1962; Vyskocil et al, 1972; Kirshner et al, 1976 ) and we were interested to determine both from the pathological and clinical standpoint whether the accummulation of potassium in the extracellular space accompanied the already demonstrated loss of the electrical activity or whether these two aspects of functional failure were differentially sensitive to ischaemia. Control levels of extracellular potassium ranged from 3 to 9 mmol (mean 5 7, SD 1 5) and increases in extracellular potassium associated with reduction in flow followed two distinct types of time course (fig 4) . The first was a slight but definite slow increase in extracellular potassium which tended to normalize over a period of 30 to 60 min. The second type was a more massive increase in extracellular potassium (to levels of 30 to 80 mmol), and where we were able to determine upper and lower levels of flow between this massive extracellular potassium rise commences with certainty and to compare it with the upper and lower flow level bracketing the disappearance of the evoked response, we found that the massive increase in extracellular potassium always occurred at a lower level of tissue flow than failure of the evoked response. The levels for massive movements of potassium were between an upper flow bound of 11 4 ml/100 g/min (SD 2 6) and a mean lower flow bound of 7T6ml/lOOg/min (SD 22) .
Comparing the upper bound of the potassium shift with the lower bound of the evoked response failure there was a significant difference (p < 0 01). to the outside, but is also influenced by the effects of ischaemia on normal methods of clearance of potassium from the extracellular space. These include active transport mechanisms (Hertz, 1966; Orkand, Nicholls, and Kuffler, 1966; Pollen and Trachtenberg, 1970; HaUjamae and Hamberger, 1971; Lewis and Schuette, 1975; Lothman et al, 1975) , and also clearance of potassium through blood vessels. Both of these mechanisms are probably "__________ impaired by ischaemia and our experiments have not indicated the relative significance of impairment of each particular mechanism, but it seems certain that the rapidity and extent of the 4 > < appearance of potassium in the extracellular 7 space in relation to ischaemia below levels of ___________ 11 ml/100 g/min must be related primarily to failure ,/ of membrane function. There is some evidence from ,,' a study of the rate of disappearance of potassium, either in reperfusion or in relation to spontaneous increases of potassium observed at levels of flow above those associated with membrane failure, that the rate of clearance of potassium bears a linear relationship to flow, and that potassium clearance from the extracellular space may well fail altogether at levels of flow in the region of 5 to 6 ml/100 g/min. While we cannot be clear cut about the level of flow 2 3 TIME (Hrs) associated with infarction, the distribution and density maps suggest that a level of flow appreciably Ye of somatosensory below 10 ml/100 g/min will be required, and it may nts ofpotassium into the well be that infarction of tissue requires degrees of y middle cerebral artery ischaemia so profound as to interfere with clearance ly by reduction of the of ions from the extracellular space even by diffusion three potassium electrodes into the limited residual circulation. These findings confirmed an earlier joint study (Astrup et al, 1977) which had already contrasted the separation of potassium movement and electrical failure observed in our circumstances of graded ischaemia with the sudden loss of electrical activity and massive extracellular potassium movement demonstrated in experimental generalized hypoxia. It is clear that electrical failure occurs at a higher flow threshold, between 14 and 16 ml/100 g/min, than the massive rise in extracellular potassium, between 8 and 11 ml/100 g/min. The smaller self-limiting increases in potassium which we have observed are distinct from the massive rises, and do occur at flow levels similar to those at which electrical failure takes place.
The relationship between extracellular potassium movement and ischaemia is of course a complex one. It depends not only upon the failure ofmechanisms of ionic pumping within cells so that potassium escapes Other evidence of a relationship between neuronal function and ischaemia In collaboration with the neurochemical group of Professor Alan Davison and Dr Bowen (Bowen et al, 1976) , we have attempted to link the degree of ischaemia to which cortex has been subjected with the function of subcellular components such as neurotransmitter uptake by synaptosomes. Thus, we have evidence that the synaptosomal uptake of the neurotransmitter GABA shows a linear decline in relation to flow, and, although the upper bound for this has not been defined with certainty, it appears likely that it is rather higher than that required to interfere with electrical function. Cholinergic neurones, however, show no such sensitivity, uptake remaining unimpaired to very much lower levels. The clear relationship between energy transport mechanisms and hypoxia has been extensively investigated by Siesjo and his group in Scandinavia (Siesjo and Nilsson, 1971) and by an extension of these techniques in our own and other groups, it is likely that a clear picture of the differential sensitivity of various facets of neuronal function to reduction in blood flow will be available within the next few years.
In general there is now good evidence that in an ischaemic process in the primate brain failure of function of neurones extends much more widely than ultimate infarction. This principle contains a profound therapeutic implication. In the first place it probably explains the gradual recovery of function which we observe in human ischaemic processes as flow rises above the threshold for restoration of function in neurones which have remained intact, though inactive. Secondly, it provides a powerful clinical stimulus to the development of techniques whereby the 'grey zone' of failure of function surrounding the structureless zone of complete infarction may be adequately reperfused and function resorted as a result.
